Abstract. State of the art multiconfiguration Dirac-Hartree-Fock calculations for Te V have been performed and energies, LS-compositions, radiative lifetimes and Landé g J -factors for 51 odd and even parity states are presented. I addition predictions on transition rates and oscillator strengths for a multitude of transitions between these states are reported for the first time. To describe the atomic system accurately, by means of configuration interaction, valence and core-valence electron correlation effects were taken into account. Calculated energies and lifetimes of excited states agree very well with experimental data.
Introduction
Belonging to the Cd isoelectronic sequence, four time ionized tellurium (Te V) has atomic number 52 and ground state [Kr]4d 10 5s 2 1 S 0 . A revised and extended spectrum in the 300-1230Å region was recorded by Tauheed et al. [1] using a triggered spark source and a normal incidence spectrograph. The same authors predicted several additional levels using multiconfiguration Hartree-Fock calculations with relativistic corrections (HFR) and least squares-fitting calculations (LSF). Further on, Pinnington et al. [2] have measured lifetimes of some low-lying states by using decay-curve analysis, incorporating the adjusted normalization of decay curve (ANDC) method to correct for cascade effects, on beam-foil spectra.
The allowed and spin-forbidden 5s 2 1 S 0 − 5s5p 1,3 P 1 transitions in Te V have been studied by several authors using different methods [3, 4, 5] . The most recent study is by Biémont et al. [6] , who used the relativistic Hartree-Fock approach with corepolarization and also multiconfiguration Dirac-Hartree-Fock with inclusion of valence and core-valence effects. Except for the HFR energy calculations of Tauheed et al. [1] there are, to the knowledge of the authors, no theoretical studies of the more excited states.
The motivation for the present work is to improve and complement the dataset for Te V, especially for highly excited states, and to supply detailed predictions to which astronomical data can be compared. Two transitions from Te VI are in the spectra from white dwarfs [7, 8] . The observations are very recently followed by the observation of a neutral Te I line in metal-poor stars [9] . Tellurium lines are not observed in the photospheric spectrum of the Sun; the Solar System abundance is based on meteorite studies [10, 11] .
Heavier elements, such as Tellurium, are mainly produced through neutron capture events, and if the time-scale compared to beta-decay of the products is slow or rapid the routes are called s-or r-process, respectively. Elements are produced in either of these, or a combination, and the abundance patterns thus reveal the production properties and sites, making up the history of the creation of the elements in the object studied. Roederer et al. [9] point out the Tellurium abundance as an important discriminator between the production in the s-and r-process, partly due to the vast experimental nuclear reaction data.
Computational procedure
The many-electron wave equation can be written
where the Hamiltonian H, in the relativistic approach using atomic units, is
where V N is the monopole part of the electron-nucleus Coulomb interaction and r ij the distance between electrons i and j. α and β are the Dirac matrices and c the speed of light. The wave function Ψ of the system is an eigenfunction of the total angular momentum J 2 and projection J z operators. In the relativistic multiconfiguration Dirac-Hartree-Fock (MCDHF) method an approximate wave function, Ψ(γJ), for a state labeled γJ is written as an expansion of configuration state functions (CSFs), Φ(γ i J), with the appropriate J symmetry
Here γ i represents the configuration and other quantum numbers needed to uniquely specify the state i. The CSFs are built from products of one-electron Dirac orbitals. The radial functions of the Dirac orbitals are unknown and should be determined on a grid. Requiring the energy computed from the multiconfiguration expansion to be stationary with respect to perturbations in the expansion coefficients leads to a matrix eigenvalue problem. The stationary condition with respect to variations in the radial functions, in turn, leads to a system of coupled integro-differential equations subject to boundary conditions at the origin and the infinity. The equations are iterated until a self-consistent solution is found [12] . The Breit interaction
as well as leading quantum electrodynamic (QED) corrections can be included in subsequent relativistic configuration interaction (RCI) calculations [13] . Calculations can be done for single levels, but also for portions of a spectrum in the extended optimal level (EOL) scheme, where optimization is on a weighted sum of energies [14] . Using the latter scheme a balanced description of a number of fine-structure states belonging to one or more configurations can be obtained in a single calculation. All calculations were performed with a new release [15] of the GRASP2K code [16] .
Computation of atomic properties
Once the atomic state functions have been obtained, measurable properties like Landé g J -factors, and transition rates can be expressed in terms of reduced matrix elements of tensor operators of different rank
Inserting the CSF expansions, the expression above reduces to a sum over matrix elements between CSFs. Using Racah algebra techniques these matrix elements, in turn, can be obtained as sums over radial integrals [17] .
Landé g J -factors
The Landé g J -factors describes, to first order, the strength of the splitting of the atomic levels into magnetic sub-levels, of an atom (or ion) under the influence of an external magnetic field. In addition they give valuable information about the coupling conditions in the system [18] . The g J -factors are given by
where i = √ −1 is the imaginary unit, Σ j the relativistic spin-matrix, and g s = 2.00232 the g-factor of the electron spin corrected for QED effects. The g J -factors were calculated using the Zeeman module of GRASP2K [19] .
Transition parameters
The transition parameters, such as rates for spontaneous decay, for electric dipole transitions between two atomic states γJ and γ J can be expressed in terms of the reduced matrix elements
where D (1) is the electromagnetic dipole operator in length (Babushkin) or velocity (Coulomb) gauge [20] . Standard Racah algebra assumes that the atomic state functions are built from the same orthogonal radial orbital set [17] . However, this restriction can be relaxed. To compute transition matrix elements between two atomic state functions described by independently optimized orbital sets, transformations of the atomic state functions are performed in such a way that the orbital sets become biorthogonal, in which case the calculation can be handled using standard techniques [21, 22] .
Calculations

Spectrum
The atomic state functions were determined simultaneously in extended optimal level (EOL) calculations on the weighted energy average of the fine-structure states [14] . A reference consisting of the 5s 2 , 5p 2 , 5s5d, 5s6d, 5s6s, 5s7s, and 5s5g configurations and 5s5p, 5s6p, 5s4f , 5p5d, and 5p6s configurations were chosen for the even and odd parity states, respectively. As a starting point two MCDHF calculations were performed in the EOL scheme: one calculation with CSFs describing the 22 even parity levels from the 5s 2 1 S 0 ground state up to 5s5g 1 G 4 , and one calculation with CSFs describing the 29 odd parity levels from 5s5p 3 P
• 0 up to 5p6s 1 P • 1 . To correct for electron correlation effects, these calculation were followed by calculations with expansions including CSFs obtained by single(S) and double(D) excitations from, respectively, the studied even and odd state reference configurations to active sets of orbitals. Of the excitations from the even and odd state reference configurations above at most one was allowed from the outer 4d core-shell. The 1s, 2s, . . . , 4s, 4p core-shells were all kept closed. The active sets for the even and odd parity states, consisting of spectroscopic orbitals from the initial MCDHF calculations, were consecutively enlarged by adding four layers of correlation orbitals. Each layer contained orbitals with s, p, d, f, g, h, i symmetries (in non-relativistic notation). Only the outermost layers of orbitals were optimized each time. The largest calculation for the even parity states included 62 relativistic orbitals and more than 278 000 CSFs distributed over the J = 0, 1, 2, 3, 4, 5 symmetries. The largest calculation for the odd parity states was based on 61 relativistic orbitals and around 341 000 CSFs with symmetries J = 0, 1, 2, 3, 4. The MCDHF calculations were complemented by final RCI calculations, where the Breit interaction and leading QED corrections, self-energy and vacuum polarization, were added to the Hamiltonian.
The computational scheme described above accounts for valence and core-valence electron correlation effects. A consistent inclusion of core-core correlation effects through more than one excitation from the 4d core-shell would result in an infeasible number of CSFs and thus this was not attempted. It is, however, known from other studies e.g. Harrison and Hibbert [23] that core-core effects on outer properties, like transition rates, are indeed minor and can be neglected at the present level of accuracy.
Results and discussion
Spectrum properties
Energy values from the spectrum calculations are displayed in Table 1 . The inclusion of valence and core-valence correlation effects, built on the four layers of correlation orbitals, improves the energies dramatically, and the final energies are in very good agreement with experiment with a mean difference of 0. states. There is no reason to believe that the present MCDHF calculations are less accurate for the above states compared with the other states, and thus the difference of 7000 cm −1 is most likely due to inaccurate predictions of the HFR calculations, when no semi-empirical fitting has been applied. The agreement for the 5p5d 1 F
• 3 state, on the other hand, is very good. In relativistic calculations the states are normally given in jj-coupling. To obtain more appropriate labels we have performed a transformation to the LSJ coupling scheme. The transformation procedure was developed by Gaigalas and co-workers [24, 25] and adapted for large scale calculations in the new release of the GRASP2K code [15] . In Table 1 we give dominant LS-compositions of the even and odd states. We also give the Landé g J -factors, that provide information about the splittings of magnetic sub-levels in external magnetic fields. Many of states show heavy term mixing, especially those of the 5p 2 , 5s5d, 5p5d 2 , 5p6s and 5s5g configurations. Yet, the labeling of the states is rather straightforward and agrees with the one given by Tauheed et al. [1] . Table 2 gives the calculated lifetimes for all the states, where the length gauge has been used for the electric dipole transitions. The longest lifetimes are the ones of the 5s5p
3 P
• terms. The extremely long lifetime of the 5s5p 3 P
• 2 state is due to the fact the M 2 transition to ground state is the only decay possibility (besides from the M 1/E2 decays to lower lying term members). In Table 2 calculated lifetimes of states belonging to eight terms are compared with values from cascade corrected beam-foil measurements by Pinnington et al. [2] and theoretical values. Values obtained from the Coulomb approximation approach are included for completeness. However, agreement of this method with experiment for systems other than alkalis is believed to be incidental and mostly the consequence of error cancellation.
The agreement between the current lifetimes and experimental lifetimes is very good. The only exception is the 5p 2 1 D 2 level, where the present calculated value falls in between the experimental data and the value from the Coulomb approximation. The calculated lifetimes for the 5s5p 3 P
• 1 and the 5s5p 1 P
• 1 states are 34.4 ns and 0.24 ns, respectively. These lifetimes are in good agreement with the ones given by Biémont et al. [6] . The latter authors obtained 37.6 ns and 0.24 ns from a HFR calculation and 35.8 ns and 0.234 ns from an MCDHF calculation including valence and core-valence correlation. Weighted oscillator strengths and transition rates for spontaneous emission are presented in Table 3 . Rates are based on computed transition energies. Length gauge has been used for the transitions. To assess the accuracy of the computed values also the ratios, R, between the rates in the length and velocity gauges are given. In most cases the ratio is relatively close to 1, but for some transitions, values in the two gauges differ substantially, giving ratios far from 1. The problematic transitions are often between states belonging to configurations differing by more than one electron. One example is the 5p5d 1 P 1 − 5s 2 1 S 0 transition with the rate 2.7 × 10 9 s −1 and R = 1.45. Transitions between states belonging to configurations differing by more than one electron are identically zero in the independent particle model, and become allowed only due to configuration interaction effects [26] . For this reason they are very sensitive to correlation effects. It is difficult to infer the accuracy of the computed transition parameters, but weak transitions with values of R far from 1 are associated with rather large uncertainties.
Summary
This work reports on extensive calculations for the level energies, lifetimes, Landé g Jfactors and transitions rates of four times ionized tellurium (Te V [1] . For the lifetimes there is a good consistency with the beam-foil measurements by Pinnington et al. [2] . Tables and table captions   Table 1 : Calculated and experimental energy levels in cm −1 . Column 2 and 3 presents receptively the LScompositions and Landé g J -factors. Excitation energies from this work are presented in column 4, and column 5 displays experimental energies or energies from HFR calculations by Tauheed et al. [1] where the latter are denoted by * . The last column, labelled "Diff", gives differences in energy between experiment and the largest calculation based on four layers of correlation orbitals. 
Level
LS-composition
g J E Exp/HFR Diff 5s 2 1 S 0 0.96 5s 2 1 S 0 0 0 5s5p 3 P • 0 0.
